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Gravitational Binary Problem

Merger Ringdown

Analytic treatment Numerical Relativity BH perturbation theory
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Gravitational Binary Problem

Ringdown

Analytic treatment Numerical Relativity BH perturbation theory
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Numerical
Relativity

Gravitational Binary Problem Post.
Minkowskian
Self-force
Pertrubative expansion

Pertrubative expansion in GN
inv = u/M (EMRIs)

v

Buonanno, Damour
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Gravitational Binary Problem
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Traditional approaches within GR [Damour, Blanchet, Buonanno, Bernard et al.]
Do we have existing toolbox that can be exploited?

Alternative way to reformulate the problem using QFT language and tools
EFT + Scattering Amplitudes + Feynman Integrals

Theoretically interesting and computationally efficient
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Post-Newtonian

Post-Newtonian
Particle Physicist’s

/ point of view
Traditional GR NRGR/PNEFT

Damour, Blanchet, Buonanno,
Bernard et al. [0409156] Rothstein, Goldberger,
Porto, Foffa, Sturani, Levi, Steinhoff et al.
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PNEFT / NRGR

[1601.04914] Porto
Tower of EFTs [1807.01699] Levi

Hierarchy of scales: 7, <1 < 4,
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PNEFT / NRGR

Internal zone
1 (Bottom-Up)
— d* R +...
167zGN[ *V/8R18,) (pure GR)»

= O - \)
8w =8uwt8u integrate out §,,
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PNEFT / NRGR

Internal zone
. (Bottom-Up)
= — d*x./¢R + ...
167zGN[ *V/8RI8] (pure GR)»

8w =8uwt8u integrate out § //Sw

1 _ oyt
S, == Jda[m\/ u’ + ESWQW] +cRJd0 RvVu? + cVJda R, = + ...
point particle redundant on-shell u
— —1)'"Creon St SHan
e gioE 0+ v @ Jd(’ iy Do
T Q/(DE;; = (n).i:t \/ﬂﬁ ﬂ
fnite stz <Qij) = ¢, EV + +Z do D Cps D ...D B ST ST
— &) = 1 (2]’1 + 1)'m2n Hon+1 H3— HiH3 /—M2
n=
diSSipative (6-5PN) tidal (5PN) 19 non_minimal Spin couplings



PNEFT / NRGR

Potential zone
(Top-Down)
d 4 | P C\S)cons. = C\S)EH + CS)GF+ Sp.p.l + C\S)p.p.Z »

w="M,+H, + h/w

integrate out H/w
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PNEFT / NRGR

Potential zone
(Top-Down)
d 8 | P C\S)cons. = C\S>EH + CSDGF_I_ CS)p.p.l + C\S)p.p.Z »

gﬂ,, =1, + Huv + h/w

integrate out H/w

Hluy instantaneous propagators kO ~ v/r, |z| ~ 1/r Feynman rules

| | K2 | ) »
—=-—(U+=+...) ===+ 009) . :
k2 — k2 2 2 2 QFT diagrammatics

/v UV divergencies (renormalization)

cCons. IR divergencies (zero-bin)
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PNEFT / NRGR

Radiation zone

(Bottom-Up) o (@, K) (Top-Down)

8w = My + 1y H Potential zone| -+ h
1 MATCHING 1224

Jd“x\/' R+ Srlh1+S,, ccomp)

G 16xGy

S
1
é’p_p.(comp.) [dt\/_ (M(t)+—€leLk(t)(Q’J +a)’JuM) ‘);
| 21 é é
AK%\L/. g l!IL(t) ki _; (+1)!JL(f)VL—2Bi,_1i,))
AGw
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PNEFT / NRGR

Radiation zone

(Bottom-Up) o (@, K) (Top-Down)

8w = My + 1y H Potential zone| -+ h
1 MATCHING 1224

"d4X\/_R + C‘S)GF[h]‘F p.p.(comp.)
1

S
gp.p.(comp.) - = [dtﬁ (M(t) + _GijkLk(t)(QZF + a)/iju//l) ;e)

1, 20 o §
/\,Ll/. g T —I"(OVLE, ;— TEE J=(1) VL—ZBil_li,)>
AGW

ex(K.h) (K, n)
o (w,K) = [0? () + ... oA (w0, K) = — TY(w, K)
4Mp, 2Mp,

[1703.06433] Porto, Rothstein

zero-bin subtraction
IR(potential)/UV(radiation)
conservative contribution

Tail Memory

G 167Gy

Radiation Reaction
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Quantum Amplitudes for Classical Gravity

Gr avity as an DeWitt

t’Hooft, Veltman

Effective Field Theory ponoghueetal

1 :
SPE dx\/gR + O(R*, R, R")+ &
eff 167 GN J \/g ( Uv ) matter

e Non-Renormalizable QFT: (local, unitary, Lorentz invariant)
® GR as a first order approximation

e Standard symmetries of GR

e Low energy DOF’s: graviton + matter fields

e Weak field approximation: &,, =1, + Z h)

n=1
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Quantum Amplitudes for Classical Gravity

Experience from particle physics

Quantum Gravitational Scattering Amplitudes for 2-body Scattering

Bern et al.

Di Vecchia, Russo, Veneziano et al. via on-shell, generalized unitarity, BCJ
Bjerrum-Bohr, Damgaard, Vanhove et al. [9409265] [1004.0476]
Kosower, O’Connell et al. Bern, Dixon, Dunbar, Kosower Bern, Carrasco, Johansson
et al.
[0405239] [+1 [2010.08882]
lOOpS = GN S.M., Vanhove

Donoghue, Holstein

Classical PM Scattering Amplitude

eikonal (DVHRYV) KMO’C
[2104.03256] [1811.10950]

3PM [1901.04424]
4PM [2101.07254]
Bern, Parra-Martinez et al.

Classical observables (B2B)

Hamiltonian

Issues with:

UR limit (3PM)-r.r.
divergence (4PM)-tail
inclusion of radiation

(potential vs full soft region)
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PM vs(?) PN

Post-

Minkowskian

(Scattering)

Post-
Newtonian

(Bound orbits)

2PM

3PM

4PM

SPM

6PM

1PM -

4PN 5PN

l

'

[1908.01493] Bern et al
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PM vs PN

Post-
Minkowskian

EFT matching/

Lippmann-Schwinger

1808.02489] Cheung, Rothstein, Solon
1906.01579]
Cristofoli, Bjerrum-Bohr, Damgaard, Vanhove

(Hamiltonian)

Post-

‘ ' Newtonian

Boundary to Bound

(Scattering) (B2B) map (Bound orbits)
(Observables) |10 0000l 10O e onanno

Kalin, Porto

OPN 1PN 4PN 5PN
1PM + + X Gl
2PM N P G2
3PM + + X G3
4PM . N « G4
5PM " X GS
6PM + X GO

[1908.01493] Bern et al



PM vs PN

1808.02489] Cheung, Rothstein, Solon
1906.01579]
Cristofoli, Bjerrum-Bohr, Damgaard, Vanhove

EFT matching/
Lippmann-Schwinger

(Hamiltonian) Post-
4 < Newtonian
Boundary to Bound
(B2B) map

[1910.03008]
(Observables) 1911.00130)

Kalin, Porto

Post-
Minkowsk

(Scatteying)

(Bound orbits)

[2109.05994] Saketh, Vines
Steinhoff, Buonanno

|EFT for NR scalars

Lint = — / V(k, k') AT (k') A(k)B' (—k') B(—k)
k.k'

2 X \ g
Ansatz;: V(p. r) — Gcl( ) (p ) 4 ... ' RN
, 7] .r2
p ki kL p AB(J,E) = x(J,E) +x(~J.E), E=<o0.
\[L -loop _ .
EFT AE g (J) = AEpy,(J) — AEyyp(—J)
P -k -k, -p’ 30 Ada(J) = Adpyp(J) + Adpyp(—J)

Matching with full theory Amplitude fixes coeffs.




PM v3

PN

EFT matching/ 13828?2&738% Cheung, Rothstein, Solon
Lippmann-Schwinger |Cristofoli, Bjerrum-Bohr, Damgaard, Vanhove
Post- (Hamiltonian) Post-
Minkowskian < b Newtonian

Boundary to Bound

(Scattering) (B2B) map (Bound orbits)
| f [1910.03008] [2109.05994] Saketh, Vines
GW cycles before merger (Observables) 1911.09150] Steinhoff. Buonanno
40 20 10 5 4 3 2 1 Kalin, Porto

I I I I I I I

conservative dynamics, g = 1
EOB,PS* EOB,PS* |
Hpy H ypriapn -
EOB,PS* EOB,PS* |
Hyp Hpx

EOB,PS" cmum- -
Hapyp NR il
EOB,PS* .
H 4PM, hyp
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[2204.05047] Buonanno et al




PM vs PN

1808.02489] Cheung, Rothstein, Solon

1906.01579]
Cristofoli, Bjerrum-Bohr, Damgaard, Vanhove

EFT matching/
Lippmann-Schwinger

Hamiltonian) Post-

Post- (
Minkowskian ‘ ' Newtonian

: Boundary to Bound :
(Scattering) (B2B) map (Bound orbits)
[1910.03008] [2109.05994] Saketh, Vines
(Observables) [1911.09130] Steinhoff, Buonanno
Kalin, Porto

1. Scattering to Bound High precision
with radiation 1. NS (EoS)

2. Higher orders 2. Exotic objects

3. Radiation effects 3. GR modifications

4. Spin, finite size 4. Quantum gravity(?)




1. Post-Newtonian (PN)
2. Post-Minkowskian (PM) vs Post-Newtonian (PN)

3. Post-Minkowskian Effective Field Theory (PMEFT)
4. Outlook
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WHAT WE HAVE LEARNED SO FAR

QFT methods are competitive/complementary to traditional
PN & PM complementarity
NRGR self consistent + physical intuition
Radiation effects are crucial
Integration techniques are a bottleneck
Each higher order exhibits new difficulties

WHAT WE ARE LOOKING FOR
o Higher orders both in PN & PM
. Radiation, spin, finite size effects

e Extension of Scattering to Bound maps
e GR moadifications & (?) Quantum signatures
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